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近年，テレビ，パソコン等は急速に薄型軽量化となり，スマートフォンなどの新しい製
品も生み出されている．また自動車も同様に軽量化を促進している動きがある．そのため
スピーカも薄型，軽量化を求められている．その上，とても狭いスペースに収めなければ
ならないことも多く，周りの部品との隙間や取り付け方法により，音響調整が難しくなる．
さらに，小型化した上で，大きなスピーカユニットと同程度の音量を求められることもあ
る．そのため，振動板の振幅を大きくしなければならない．所望の特性を得るために，最
近ではシミュレーション（CAE）を使った特性予測や解析，最適化が行われることも多くな
ってきている．スピーカにおけるシミュレーションでの問題点はいくつかある．本研究で
は2つの問題点に注目した． 
一つはスピーカの振動板が大きな振幅となった時の振幅や，振動部の傾きなどによる振
動板の歪についての非線形のシミュレーションとその低減方法．二つ目として，スピーカ
を小型化，省スペース化した際の音響伝搬における空気粘性と熱減衰の影響を考慮に入れ
たシミュレーションである． 
振動板の歪についての非線形のシミュレーションとその低減方法について述べる．振動
板となる円板の周縁に非線形複素バネを複数設置し，非線形複素バネの設置方法による二
次歪の低減効果を調べた．三次歪の低減に関しては考慮していない．振動板が振動した際
に発生する 2 次歪の低減を目的としている．本研究では有限要素でモデル化した振動板の
周縁にバネを設置した．周縁のバネは線形複素バネと二次および三次の非線形バネで表現
した．形状による非線形歪の低減効果について非線形応答解析により検討する．周縁部の
円周に取り付けた二次の非線形バネの符号を変化させて振動解析を行い，二次歪への影響
を明らかにした．非線形バネは線形バネと異なり 2次の非線形項に関しては方向が存在し，
バネの方向により異なった振る舞いをする．本研究では全て同方向に非線形バネ(Up)を取
り付けたモデル，円周の 1/2 バネ(Up)，残り 1/2 バネ(Down)にしたモデル，同様に 1/4，
1/8，1/16，1/32，1/64 ごとに非線形バネの方向が入れ変わるモデルを用意した．応答解
析をする前に固有値解析を行った。1 次の共振周波数は 161Hz であった．応答解析は過渡
応答解析と周期加振の解析を行った．1 点を加振した．実際のスピーカ同様にボイスコイ
ル位置での加振も行った．過渡応答では入力は半三角波パルスとした．パルスの最大値 F
を F = 0.98N, 9.8N, 49.0N, 98.0N.と変化させて与え時刻歴波形を求めたパルス幅は
sec とした．周期加振は加振周波数を 161Hz とした．結果，非線形バネの Up と Down
の間隔が短いほど 2次歪の低減効果が得られた． 
続いて，空気粘性と熱減衰の影響を考慮に入れたシミュレーションについて記述する．
本稿では簡単な直管の音響管モデルを用いて，管内の音圧分布について空気粘性を考慮に
入れた圧縮性粘性気体 FEM で解析した．音響管内の空気粘性の影響について，理論式と
比較し検証を行った．また，国際規格として使用されているイヤーシミュレータを同 FEM
で解き，規格値と比較する．まず圧縮性粘性気体 FEM の定式化を行った．シミュレーショ
ンはφ0.5mm，0.8mm，1.0mm の 3 つの細管モデルを用意した．管の片端を加振点として，
変位一定となる加振を与える．観測する周波数は 20Hz～20kHz の可聴帯域であり，観測点
は加振点とは逆側の端の一点である．シミュレーションは 2 種類行う．一つは本稿オリジ
ナルの空気粘性を持つ圧縮性粘性気体要素を用いた FEM によるダイレクトシミュレーシ
ョンである．もう一つが空気粘性と熱による影響を複素密度，複素音速，複素波数，とし
て定義して減衰の影響を考慮出来るシミュレーションである．この 2 つのシミュレーショ
ンと理論値を比較し，オリジナルシミュレーションの評価を行う．結果はどの径において
も共振位置 10kHz,20kHz 付近にピークがある．径が小さくなるにつれてピークの減衰が強
くなり，位相変動もあることから共振ピークの位置が低周波数域に若干移動する．理論値
とオリジナルシミュレーションも一致した．続いて IEC60318 で定義されているイヤーシミ
ュレータの解析と実測を行った．イヤーシミュレータは 0.17mm，0.01mm のスリットによ
り音響調整されている．結果，実測，規格値，シミュレーション値とも近い値となった．
複雑な隙間や細管に対してもオリジナルシミュレーションの有効性を示すことが出来た．
以上，円板の周縁に非線形バネを取り付け，2 次歪の低減方法を提案した．円周の 1/8 以下
の周長ごとに非線形バネの正負を入れ替えることにより 2 次歪の低減効果が得られた．次
に圧縮性粘性気体 FEM を提案した．シミュレーション，実測とも一致し，有効性を示すこ
とが出来た 
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In the recent years, televisions, personal computers, etc., have become thinner and lighter, and new products such as smartphones are being introduced at a rapid pace. A recent trend that promotes weight reduction in automobiles is also becoming increasingly prevalent. For this reason, loudspeakers must be thin and lightweight, and must often be accommodated within a very small space. Adjustment of acoustic properties thus becomes difficult, because of the insufficient gap with the surrounding parts and the mounting method. In addition, it is sometimes required to make the volume as small as that of a large loudspeaker unit. Therefore, the amplitude of the diaphragm must be increased. 
 Recently, characteristic prediction, analysis, and optimization using simulation (CAE) are being increasingly employed to obtain desired characteristics.   There are several problems associated with the simulation in loudspeakers. In this paper, we focus on two of these problems. One is related to a nonlinear simulation of the amplitude of the diaphragm in a loudspeaker that produces distortion of the responses under large amplitude. A method is numerically investigated to reduce the distortion due to the nonlinearity in the restoring force of the edge of diaphragm. The second involves a simulation that considers the influence of air viscosity and thermal attenuation on acoustic propagation through extremely narrow air gaps between tiny parts in the downsized speakers. First, the nonlinear simulation of the wave distortion for the diaphragm and its reduction method are investigated. Multiple nonlinear complex springs were installed around the circumference of a circular plate serving as a diaphragm, and the effect of installing the nonlinear complex springs on reducing the secondary distortion was investigated. The reduction of tertiary distortion was not considered. In our study, springs were installed around the periphery of a diaphragm modeled using finite elements. The peripheral spring was represented by linear complex springs and quadratic and cubic nonlinear springs. The nonlinear response analysis of the distortion reduction by shape was investigated. Vibration analysis was carried out by changing the sign of the quadratic nonlinear spring attached to the circumference of the peripheral part, and the influence on the secondary distortion was clarified. Unlike a linear spring, a nonlinear spring has a direction with respect to a quadratic nonlinear term and behaves differently depending on the direction of the spring. In the study using numerical models, there was a model in which the direction of the all nonlinear springs was same. Further, there were numerical models in which the direction of the nonlinear spring changed every 1/2, 1/4, 1/8, 1/16, 1/32 and 1/64 interval of the circumference of the diaphragm. Eigenvalue analysis was performed before the response analysis. The modal loss factors were also computed by Modal Strain Energy Method. The primary resonance frequency was 161 Hz corresponding to the piston mode of the diaphragm. For the response analysis, the transient response analysis and an analysis of periodic excitation were performed. Not only one point excitation on the diaphragm but also excitation at the voice coil position by following the actual speaker were carried out in the numerical simulation. In the transient response, the input was a half-triangular wave pulse. The maximum value of the pulse, F, was varied as F = 0.98 N, 9.8 N, 49.0 N, and 98.0 N. The pulse width was sec. For the periodic excitation, the excitation frequency was set to 161 Hz near the piston mode. As a result, the secondary distortion becomes smaller for shorter intervals between the upward and downward directions of the nonlinear springs. Next, a simulation that takes into account the effects of air viscosity and thermal attenuation was described. In our work, the sound pressure distribution inside a tube was analyzed considering the air viscosity using our proposed finite elements for compressible viscous gas. A simple straight acoustic tube model was used. The effects of air viscosity inside the acoustic tube on the responses were compared with the responses from the Biot’s theoretical formula and verified. In addition, we solved discrete equations for the FEM model for the ear simulator which is generally used as the international standard. The calculated responses were compared with the standard value. First, a finite element for a compressible viscous gas was originally formulated. In the simulation, three thin tube models of φ 0.5mm, 0.8mm, and 1.0mm were prepared. Using one end of the pipe as the excitation point, vibrations with constant displacement were applied. The observed frequency was the audible band of 20 Hz to 20 kHz. There were two types of simulations. One was direct simulation by FEM using our proposed finite elements for compressible gas 
with air viscosity. Another was a simulation that considers the effect of damping by defining the air viscosity and heat as complex density, complex sound speed, and complex wave number. We compared these two simulation results with theoretical values. In the result, peaks were observed at the resonance positions of 10 kHz and 20 kHz, for any diameter. As the diameter decreased, the attenuation of the peak became stronger and the position of the resonance peak moved slightly to the low-frequency region. Theoretical values and the original simulation results were also in agreement. Subsequently, analysis and measurement of the ear simulator defined in IEC 60318 were carried out. The ear simulator was acoustically adjusted with slits of 0.17 mm and 0.01 mm. The results of actual measurements, standard values, and numerical values were close to each other. The effectiveness of our proposed method was demonstrated for complicated gaps and thin tubes 
